Na into the smooth muscle cells of incubated rat tail arteries was measured directly, in the presence and absence of 2.8 x 10" 7 M D-aldosterone. During the analysis, extracellular 22 Na and 23 Na were removed by incubation of the tissue in sodium-free lithium-substituted physiological salt solution at less than 3 °C. Aldosterone increased the influx rate coefficient by 10% (0.104 ± 0.004 [SE] min" 1 , n = 13, vs 0.095 ± 0.003 [SE] min" 1 , n = 13 without aldosterone; p < 0.01) but did not significantly reduce the sodium content. We conclude from direct measurements that aldosterone acts to increase the influx of sodium in incubated tail arteries from normal rats; we conclude from measurements of the sodium influx and sodium content that aldosterone also acts to increase the efflux of sodium in this preparation. (Hypertension 7: 873-878, 1985) KEY WORDS • sodium transport • sodium permeability • corticosterone
T HE unidirectional sodium influx in vascular smooth muscle is a passive process whose rate reflects the permeability of the cell membrane to sodium. The sodium permeability occupies a pivotal position in the group of electrochemical processes that occur normally at the cell membrane. However, measurements of the sodium influx in vascular smooth muscle have been done much less often than measurements of the sodium efflux for several reasons. Influx techniques require a larger amount of tissue, are subject to greater interference from the extracellular pool of sodium, and are unsuitable for resolving small quick changes. 12 Aldosterone has been reported to influence the sodium influx in vascular smooth muscle. Because of the lack of a simple technique for measuring the influx directly, however, the nature of this influence has been inferred from other measurements. Friedman 3 dissipated the transmembrane sodium and potassium gradients in rat tail arteries by overnight incubation in potassium-free physiological salt solution (PSS) at 10 °C, then observed their recovery during 3 hours in normal PSS at 37 °C. He found that the intracellular sodium level recovered to a 20% lower value when aldosterone was added to all solutions but that there was no significant change in membrane permeability measured in terms of net lithium uptake at 3 °C or at 37 °C. This method revealed an increased permeability in incubated arteries in deoxycorticosterone acetate-induced hypertension. On the other hand, other workers reported that aldosterone increased the influx or permeability in different vascular preparations. Garwitz and Jones 4 measured the radiosodium efflux and intracellular sodium content of aorta and femoral arteries from rats infused with aldosterone for 4 weeks and in controls. They found that aldosterone treatment caused an increase in the sodium efflux but no change in the sodium content and deduced that there had been an increase in the sodium influx. Moura and Worcel 5 measured the radiosodium efflux in tail arteries from adrenalectomized rats after subcutaneous injection of aldosterone and after exposure of the vessels in vitro to aldosterone. They found that aldosterone treatment caused an increase in both the ouabain-sensitive sodium efflux, which they attributed to a sodium pump, and the ouabain-insensitive sodium efflux, which they attributed to passive transport.
To determine the effect of aldosterone on the sodium influx when administered in vitro to vascular smooth muscle from normal rats, we made direct measurements of the radiosodium influx and the intracellular sodium content in tail arteries in the presence and absence of aldosterone. We used a new technique that combines the "cold-lithium" method for distinguishing intracellular sodium from extracellular sodium, which was used previously in rat tail artery, 6 and the "cold washout" method for selectively clearing the extracellular space of radiosodium, which was used previously in taenia coli.
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Materials and Methods
Adult male albino rats of an inbred Wistar strain (Woodlyn Farms, Guelph, Ontario) anesthetized with pentobarbital (70 mg/kg i.p.) were used throughout. The ventral tail artery was rapidly excised and cut transversely into two pieces of equal weight (approximately 10 mg wet weight each), and each half was tied with silk thread to a stainless steel wire rack at slack length. The identity of tissue pairs, and whether a half was proximal or distal, was recorded, and each half was immersed in a large volume of PSS at 37 °C for a 2-hour recovery period. Samples were then transferred to potassium-free PSS at room temperature for 1 hour, then incubated overnight at 10 °C to dissipate ion gradients. The next morning the tissues were transferred to aerated PSS at 37 °C for a 3-hour recovery period. This procedure was developed by Jones and co-workers. 89 In some experiments, the first 90 minutes of recovery at 37 °C was in PSS with 1 /xM phenoxybenzamine to block the effects of mechanical disturbances on the sodium permeability, followed by a further 90 minutes in PSS.
The influx of
22
Na into the half-arteries was then measured. In preliminary experiments, the half-arteries were transferred to PSS containing 22 Na (1 /iCi/ml; New England Nuclear, Boston, MA, USA) and incubated at 37 °C for various times. A half-artery was then transferred to cold, lithium-substituted PSS at less than 3 °C for 45 minutes to remove extracellular 22 Na and 23 Na. The half-artery was then removed from the rack, blotted, and transferred to a tared 10-ml volumetric flask. A 50-/xl sample of the radioactive bath was taken at the same time, and its radioactivity was determined, to provide assurance that the specific activity of the bath remained constant. Tissue wet weights were determined immediately. Tissues were then dried overnight at 105 °C. The tissue was extracted with 0.75 M HNO 3 for 7 days, and the extract was then analyzed for sodium, potassium, and lithium content by atomic absorption spectrophotometry and for radioactivity in a well-type gamma counter (Model 1185, Searle Analytical Inc., Des Plaines, IL, USA).
The composition of PSS was (mM): Na, 141. 
Results
Radiosodium Uptake Curve
The uptake of
22
Na by half-arteries in PSS at 37 °C is shown in Figure 1 . Data are plotted as the ratio of the specific activity (SA) of radiosodium in the tissue to that in the bath. For the 34 half-arteries incubated for 45 minutes or longer, the mean SA ratio was 62.7%. The mean ( ± SE) sodium content of all 83 half-arteries shown in Figure 1 was 23.9 ± 0.5 mmol/kg dry weight. Therefore, 8.9 mmol sodium per kilogram of dry weight did not exchange with 22 Na. This value is consistent with the amount of sodium that did not exchange with lithium in lithium-substituted PSS in previous experiments (approximately 6 mmol/kg dry weight). 6 The solid curve in Figure 1 is the theoretical course of the uptake of tracer. It is assumed that 1) all cells have identical sodium exchange characteristics; 2) uptake is into a single kinetic compartment; 3) diffusive mixing of sodium inside and outside the cell is rapid compared with transmembrane sodium transport; and 4) all conditions in the cell and bath are steady aside , was used to plot the line. The data are closely approximated by this equation, but this does not constitute proof that all of the assumptions are valid for this vascular smooth muscle preparation. What can be assumed with great confidence, simply on the basis of the composition of the tissue, is that the radiosodium uptake measured by the method used here must be dominated by the passage of radiosodium across the cell membrane into the cytoplasm of the smooth muscle cells. Thus, the value of an operationally defined rate coefficient, ft = {ln[l -(SA ratio at 15 min/SA ratio at 90 min)]}/15 min, should be a good index of the influx rate constant for this compartment, and comparison of this index for control and test halfarteries should reveal any differences in the influx rate that are caused by the test conditions.
Because the permeability constant for the membrane is directly proportional to the influx rate constant, the value of )3 should be an equally good index of the permeability constant. 1 The following procedure was adopted to compare the influx rate under a particular test condition to that under control conditions. Twenty-eight half-arteries from 14 rats were prepared as already described. To improve the power of the method to detect small differences in influx, one member of the pair of half-arteries from each rat was assigned to the test group and the other was assigned to the control group. It was assumed that any true genetically determined differences in the influx in different rats could be controlled for by the use of such paired control tissues. Each group included an equal number of proximal halves and distal halves. The groups were incubated in separate containers of solution at each stage. To make the most efficient use of the rats, tissues were taken for analysis twice: during the initial rise and on the plateau. The plateau of the uptake is well established by 90 minutes. The time of 15 minutes was chosen as a compromise between avoidance of the shoulder of the uptake, where small variations in the SA ratio produce large variations in the value of /3, and avoidance of short times after transfer to the radioactive solution, where the fractional errors in timing are larger. The two members of a pair of half-arteries were taken for analysis at the same time, either at 15 minutes or at 90 minutes, and the statistical significance of observed differences was assessed by means of a t test for paired data.
Effect of Phenoxybenzamine on the Influx
The sodium fluxes in rat tail artery are very sensitive to mechanical disturbances (M.R. Menard, unpublished observations, 1984) . Such disturbances were minimized in the present experiments by the use of racks to support the tissues, but could not be eliminated. Phenoxybenzamine treatment also reduces the sensitivity to mechanical disturbances (M.R. Menard, unpublished observations, 1984). Thus, the use of phenoxybenzamine-treated tissues might reduce the variance of /3 and so increase the ability of the method to detect small differences in permeability caused by the test conditions.
To determine whether phenoxybenzamine itself affects the influx, 28 half-arteries were prepared in the usual way, with the test group treated with phenoxybenzamine as described in Methods and the control group treated for the same interval with the dimethylsulfoxide carrier. The results are shown in Table 1 . Phenoxybenzamine treatment halved the coefficient of variation of the mean value of /3, from 17% to 8.5%, but did not affect the mean value itself.
Effect of Temperature on the Influx
The transmembrane sodium influx is passive, so its rate should increase by a factor of about 1.3 for a 10 °C increase in temperature (Q 10 = 1.3; e.g., ref. 1). As a test of the ability of the operationally defined rate coefficient /3 to detect differences in influx rate, the influx at 23 °C was compared with that at 36 °C. This was done by preparing 28 half-arteries in the usual way, except that those in the test group were allowed to recover in PSS at 23 °C after overnight incubation. The mean value of 0 at 36 °C was 0.099 min"' and at 23 °C was 0.060 min" 1 ( Table 1 ). This value constitutes a Q l0 of 1.27, which is in excellent agreement with the sensitivity to temperature expected for passive diffusion. Thus, real changes in the transmembrane influx were reflected accurately by the influx rate coefficient /3.
Effect of Aldosterone on the Influx
To test whether exposure to aldosterone in vitro influences the sodium influx, 28 half-arteries were prepared in the usual way: all solutions to which the test group was exposed contained 2.8 x 10" 7 M D-aldosterone. Vehicle was added to the solutions used for the control group. In a separate experiment, this procedure was repeated except that both groups were treated with phenoxybenzamine. The results are shown in Table 1 . In both experiments, the influx was more rapid in the aldosterone-treated group. The level of significance of the increase in rate in the aldosterone-treated tissues was ap value of 0.012 in the former case, and ap value of 0.05 in the latter case, where one pair was discarded because of abnormal ion content. For the pooled results, p was less than 0.01. The sodium content of the aldosterone-treated arteries was not significantly different from the control value.
Effect of Corticosterone on the Influx
To test whether the effect of aldosterone was specific, the experiment was repeated using corticosterone. That is, 28 half-arteries were prepared in the usual way: all solutions to which the test group was exposed contained 2.89 x 10" 6 M corticosterone. Vehicle was Values are means ± SE. Number of rat tail arteries is in parentheses. */3 = {In [1 -(specific activity ratio at 15 min)/(specific activity at 90 min)]}/15 min. tLevel of significance of the observed difference in /3, by a / test for paired data. tDimethyl sulfoxide. §Ethanol. \\ p < 0.001 for the difference in sodium content.
added to the solutions used for the control group. The results are shown in Table 1 . The influx was less rapid in the corticosterone-treated group, but the difference was not statistically significant. The mean value of /3 was slightly lower in this group of rats and was similar to the value determined in the preliminary experiments ( Figure 1 ). The cause of this variation is not known. It can be seen from Table 1 that the sodium content of the corticosterone-treated arteries was significantly lower than the control value.
Discussion
The intracellular sodium concentration is determined by the balance between the sodium influx and the sodium efflux. A change in the influx should alter this balance and result in a change in the sodium concentration. However, the latter change might be quite small, since the sodium efflux will increase if the sodium concentration increases and decrease if it decreases. Therefore, the sodium efflux will be altered in a manner that opposes the effect of the original change in the influx, whether it be an increase or a decrease. The intracellular sodium concentration at which the fluxes are again balanced might be only slightly different from the initial value. Therefore, measurements of the sodium content are not as sensitive as direct measurements of the sodium fluxes in detecting small changes in the sodium balance.
Various workers have taken different approaches to the problem of measuring the sodium influx in vascular smooth muscle cells. The major technical problem is differentiation of extracellular and intracellular sodium. Jones and Karreman 8 measured the uptake of radiosodium by carotid artery strips and made no effort to separate the uptake by the extracellular space from that by the intracellular space. They assumed that both uptakes proceeded by bulk diffusion and that the cell membrane impeded the movement of only a small fraction of the intracellular sodium, which is contrary to the generally accepted view of the role of the membrane. This analysis fits the data well but is not suitable for detecting small differences in membrane permeability. Wahlstrom 12 measured the uptake of radiopotassium by portal veins and estimated the uptake into the cells by subtracting the uptake into the sorbitol space. Such a strategy is unsatisfactory for sodium. The volumes of distribution of sodium and sorbitol in the extracellular space are not identical, and the extracellular sodium concentration is high when the tissue is immersed in normal physiological saline, so that small errors in the estimate of the extracellular space volume cause large errors in the estimate of the amount of extracellular sodium.
Brock et al. 13 used cultured smooth muscle from aorta and measured the increase in the intracellular sodium content caused by ouabain. They washed out the extracellular sodium by rinsing with cold MgCl 2 solution, but it is difficult to judge from their description of this method how effective it was. They assumed that the active efflux was completely eliminated by ouabain and, thus, that the net increase in intracellular sodium content reflected the unidirectional influx of sodium. One problem with this approach is that it might be measuring differences in the response to ouabain in the control and test situations, rather than differences in the permeability. Casteels 7 used a superior technique to measure the radiosodium uptake by taenia coli strips. He allowed the tissue to take up radiosodium at 35 °C, then monitored the washout of the tracer at 0 °C. He assumed the slow component of the washout represented the intra-cellular radiosodium. Since all incubations were in normal physiological saline, the condition of the tissue probably was steady throughout. Our technique is similar, except that we measure the intracellular sodium and potassium content during the uptake, so we are sure that conditions are steady and, thus, that the conventional tracer model is applicable. This is done by clearing the extracellular space of both tracer and carrier sodium by incubation in cold sodium-free lithiumsubstituted solution.
During the 45-minute incubation in cold, sodiumfree solution, some sodium loss occurs. If all of the analyzable sodium in the artery were equally free to exchange with extracellular ions, this loss would not change the specific activity of sodium in the cells. In reality, though, we found in this and in a previous study that a fraction of sodium in the rat tail artery does not exchange with 23 Na, with 22 Na, or with lithium during incubations lasting several hours. 6 Such "^ex-changeable" sodium was detected as 23 Na in the spectrophotometric analysis of the tissue, which means that it contributes to the measured value of the specific activity. This finding is potentially important because previous experiments have shown that aldosteronetreated arteries lose sodium at a slower rate than control arteries between 45 and 90 minutes in cold lithium solution (exponential rate constant, 0.15 hr~' vs 0.23 hr~')- 3 Thus, in the radiosodium uptake experiments, if the control and aldosterone-treated tissues had come to the same specific activity after a particular uptake time, the aldosterone-treated artery would have retained more exchangeable sodium after 45 minutes in cold lithium solution and so would appear to have taken up radiosodium at a more rapid rate if only the specific activity were examined.
The maximum size of this effect can be estimated. A value for the inexchangeable sodium at the upper limit of the measured range (approximately 40%) can be assumed to apply. The rate of sodium loss measured between 45 and 90 minutes in cold lithium solution can be assumed to be applicable between 0 and 45 minutes. This is an overestimate of the rate of sodium loss because it neglects the backflux of sodium from the extracellular space that occurs until the sodium concentration in this space falls to a low value. From these values it is straightforward to calculate that for a total sodium content (exchangeable plus inexchangeable) of 25 mmol/kg dry weight, the measured value of the specific activity would be greater for the aldosteronetreated arteries by 2.6%. In the calculation of the influx rate coefficient /3, the specific activity appears only as the ratio of the value after 15 minutes of uptake to that after 90 minutes of uptake. Therefore, this small factor cancels and the calculated value of /3 should be virtually unaffected.
This use of the cold lithium method to measure radiosodium uptake is a natural extension of its use to measure intracellular sodium content. The method originally was developed for rat tail artery, 6 but it has been used successfully in other preparations, including aorta 13 and portal vein. 14 In rabbit portal vein, the decline in the intracellular sodium content during 30 to 120 minutes in cold, lithium-substituted, sodium-free solution, as measured by the electron microprobe, is similar to that seen in rat tail artery under similar conditions. 13 However, with the microprobe there is a great deal of cell to cell variation in the sodium signal, with outlying high sodium signals in many cells. In addition, in vein strips that had been stretched to 1.7 times slack length and incubated in potassium-free solution at 2 °C for 3 or 4 hours, the microprobe detected much more sodium in some cells than the cold lithium method did in the tissue as a whole.
One potential problem with the microprobe measurements arises from the irregular shape of vascular smooth muscle cells.
l5 Tissue sections not infrequently include invaginations of the cell membrane, which might or might not span the section to appear as obvious "holes" in a cell cross-section (M.E. Todd, personal communication, 1984) . The possibility that extracellular fluid in such invaginations is responsible for the high sodium signals detected over some cell crosssections has not been investigated.
The method we have developed for detecting differences in the sodium influx in control and test situations has several advantages. The ion content of the arteries is steady during the uptake of radiosodium, since they are incubated in the same solution throughout and each is mechanically supported. The constancy of the sodium and potassium contents during the uptake can be verified, since they are measured for each artery. Any differences in the sodium efflux can be identified, since both the sodium influx and sodium content are measured. Finally, significant differences between the control and test situation can be detected from measurements on a relatively small amount of tissue.
We tested the ability of this method to detect a known difference in influx rate induced by reducing the temperature and found that it detected this difference accurately. We then used this sensitive direct method to measure the effect of aldosterone on the sodium influx and found that the influx was indeed increased by exposure to aldosterone in vitro. We were unable to detect a significant decrease in the intracellular sodium concentration. In a previous study using similar techniques of chemical analysis, aldosterone treatment caused a small but significant decrease in the sodium content. 3 The only differences in the present study were the use of half-arteries rather than whole arteries and the use of mechanical support for the tissues throughout. It was noted that the sodium contents were similar in the two studies, but the potassium content was 15 to 20% higher in the mechanically supported half-arteries. The sodium fluxes in the rat tail artery have been found to be exquisitely sensitive to mechanical disturbances (M.R. Menard, unpublished observations, 1984), but nothing further can be said at the present time on this point.
It can be noted, though, that there is good evidence that serum and growth factors stimulate the sodium efflux in fibroblasts by increasing the sodium influx and hence the intracellular sodium concentration 16 and that angiotensin acts similarly in vascular smooth muscle. 13 All of our results are consistent with such a HYPERTENSION VOL 7, No 6, NOVEMBER-DECEMBER, 1985 mechanism, that is, with the primary event being a change in the sodium influx, but the present results do not constitute a proof of this hypothesis. The response to corticosterone was different. Both the sodium influx and the sodium content were reduced by exposure to corticosterone in vitro. Only the latter change was statistically significant, but the two findings are consistent with the occurrence of a decrease in the sodium influx with no change in the sodium efflux other than that caused by the slight decrease in the intracellular sodium content. Corticosterone conventionally has been classed as a glucocorticoid, with no direct effect on sodium transport. Recently, however, it was reported that the glucocorticoid dexamethasone preserved normal ion movements and electrical properties in the colonic epithelium of adrenalectomized rats, whereas aldosterone replacement did not. 17 It has also been reported that dexamethasone increased Na, K-ATPase activity in isolated rat kidney tubules, whereas deoxycorticosterone acetate did not. 18 Furthermore, corticosterone and aldosterone both partially restore the ion transport in tail arteries from adrenalectomized rats. 19 The present results indicate that corticosterone also is capable of influencing sodium transport in tail arteries from normal rats.
The detailed mechanism of these actions cannot yet be specified; however, Moura and Worcel 5 found that aldosterone acts in vitro to stimulate the sodium efflux from rat tail artery at concentrations between 10~1 0 M and 10~6 M, and that a specific antimineralocorticoid compound blocks the effect of aldosterone on the sodium efflux in a dose-dependent manner throughout this range. Thus, it seems certain that these steroids bind to specific receptors in the tail artery to influence the sodium fluxes, even though the concentrations of aldosterone used in the latter study (and in the present study, 2.8 x 10~7 M) are much greater than that needed to saturate the specific mineralocorticoid and glucocorticoid receptors in rabbit arterial and arteriolar tissue. 20 Corticoids appear to have a tonic physiological effect on transmembrane sodium fluxes, 5 and disorders of the adrenal cortex associated with hypersecretion of corticoids with sodium-retaining activity are also associated with hypertension. 20 However, the full importance of the actions of corticoids on arterial smooth muscle for the maintenance of normal blood pressure and for the pathophysiology of hypertension remains to be determined.
Note added in proof:
The unpublished observations of M.R. Menard (1984) mentioned in the text will be published in 1985. 
